Chemotherapy regimens for pancreatic ductal adenocarcinoma (PDAC) have changed since the introduction of FOLFIRINOX. Due to toxicity, dosage and number of applied cycles are limited. In analogy to chemotherapy strategies in colon cancer we used a scheme of induction, maintenance and re-induction therapy in PDAC to alleviate such toxicities and increase the number of applied cycles. Here we report first experiences with this approach. Data of all patients who received FOLFIRINOX for metastatic or locally advanced PDAC in our center using induction chemotherapy followed by maintenance therapy from 2011 until November 2016 was collected and analyzed retrospectively. Progression free survival was assessed starting induction therapy until progressive disease (PD) during maintenance or treatment pause (PFS1) and until progression during re-induction therapy (PFS2). 13 patients received induction therapy which was followed by maintenance therapy. Re-induction due to PD during therapy was applied in 11 patients. The median PFS1 was 10.6 months (95% CI; 6.7-14.4), PFS2 was 14.1 months (95% CI; 8.2-19.9) and overall survival was 18.3 months (95% CI; 14.8-21.8). The use of FOLFIRINOX as induction, followed by maintenance and re-induction therapy in case of PD is feasible in the treatment of PDAC and might lead to a prolonged PFS with less toxicity.
. But usage of this new chemotherapy regimen is also associated with increased toxicity. Especially neutropenia and oxaliplatin-related peripheral neuropathy are limiting factors for the continuation of this therapy. Due to the increased survival of patients with PDAC, strategies for prolonging time on chemotherapy to control tumor growth are needed. In colorectal cancer these chemotherapeutic substances are well known and different strategies were developed to cope with such toxicities. In the OPTIMOX 1 trial a chemotherapy regimen including 5FU/LV and oxaliplatin (FOLFOX) was evaluated in two different administration strategies 3 . One included FOLFOX, which was administered until progression or occurrence of unacceptable toxicity (Group A). The comparing regimen included also the usage of intensive treatment with both active drugs (FOLFOX) followed by a planned de-escalation after six cycles and a maintenance period with only 5FU/LV (Group B). In case of progressive disease reintroduction of the second active drug was started to regain disease control. The results presented a comparable outcome in regard to progression free survival (Group A: 9 months vs. Group B: 8.7 months) and overall survival (Group A: 19.3 months vs. Group B: 21.2 months). Another recently published study in colon cancer patients used a combination of capecitabine and bevacizumab as maintenance therapy. Induction therapy additionally included oxaliplatin (CAPOX-B). In this study the control arm included patients who were only observed after induction therapy and received no further treatment. In case of progression, patients received re-induction therapy (CAPOX-B) until second progression (PFS2). The intent-to-treat analysis presented a significant improvement in PFS2 in patients receiving maintenance therapy in comparison to observation (11.7 vs. 8.5 months, p < 0.0001) 4 . Further studies supported the use of maintenance therapy after an induction period containing multiple active chemotherapeutic drugs 5, 6 . The recommendation of such maintenance and re-induction strategies are part of national treatment guidelines for colon cancer may improve the tolerability of chemotherapy without compromising anti-tumor effect. Our clinical management includes an induction chemotherapy with FOLFIRINOX that can be deescalated during clinical course to FOLFOX in case of poor tolerability. In case of non-progression a maintenance therapy with 5FU/LV is usually started after the sixth cycle. Maintenance therapy is administered until progression. Some patients receive treatment pause during maintenance therapy predominantly based on patient's wishes. In case of PD during maintenance or treatment pause patients are re-induced with FOLFIRINOX or FOLFOX.
In this retrospective study we describe our experiences with the use of this novel scheme of induction, maintenance, treatment pause and re-induction of chemotherapeutic drugs included in FOLFIRINOX in patients with PDAC.
Results

Patient characteristics. Between 2011 and February 2016 65
Patients were diagnosed with PDAC and treated with FOLFIRINOX at our institution. 13 patients met the inclusion criteria consisting of induction chemotherapy followed by 5FU/LV maintenance therapy. 43 patients were included as a control group. These patients started with FOLFIRINOX, but 27 did not receive other second line substances. The other 16 patients received a gemcitabine based second line chemotherapy after FOLFIRINOX. Nine patients were excluded because FOLFIRINOX was not applied as a first line palliative treatment. Most of these patients received FOLFIRINOX as a second, or third line palliative treatment. Demographic baseline characteristics were balanced between the two groups. They presented a higher proportion of male patients. Most of the treated patients had synchronous metastasis at diagnosis ( Table 1 ). The treatment course of each patient in the 5FU/LV maintenance group regarding the applied number of chemotherapy cycles is depicted in Table 2 . Staging frequency was approximately every 2 to 3 months. Induction chemotherapy. Induction chemotherapy starting with FOLFIRINOX was performed in all 13 patients. It had to be de-escalated to FOLFOX in 6 patients to increase the tolerability. De-escalation was done due to leukopenia in four and due to nausea in two patients. The de-escalated induction therapy was applied after a median of 3 cycles FOLFIRINOX (range 1-5) and consisted of additional median 4 cycles of FOLFOX. The median number of delivered chemotherapy cycles during induction using FOLFIRINOX and FOLFOX was 6 (range 5-13) ( Table 3 ). About one fifth of all applied cycles during induction were administered with a reduced dosage. Oxaliplatin with a dosage of 75% due to neuropathy represented almost all of these changes. Induction therapy was applied during a median time of 19.9 weeks (range 12.3-27.3).
Maintenance chemotherapy and treatment pause. After the induction chemotherapy all patients received maintenance therapy with 5FU/LV (Table 4) . De-escalation of induction chemotherapy to maintenance was done in six patients due to good response or to prevent toxic effects, three patients were de-escalated due to leukopenia, two due to neuropathy, one due to emesis and one due to diarrhea. A median of 6 (range 2-21) cycles was administered. Dose reduction was necessary in fewer cases necessary compared to induction therapy. Four patients underwent treatment pause after receiving a median of 5 (range 2-21) cycles (Table 5 ). The introduction of a treatment pause in all cases was due to patient wish. Interestingly only patients that received induction therapy exclusively with FOLFIRINOX had treatment pause during maintenance. The PFS1 representing the time until progression during maintenance or treatment pause was 10.6 months (95% CI; 6.7-14.4 months) (Fig. 1) . Comparing the PFS1 of the 5FU/LV maintenance group with the patients treated in the control group revealed a significant difference of 5.7 months. One possible explanation could be that patients with progressive disease during FOLFIRINOX treatment did not receive maintenance therapy with 5FU/LV. Re-induction chemotherapy. Due to progressive disease during maintenance or treatment pause 11 patients (85%) received re-induction chemotherapy (Table 6 ). Five patients received FOLFOX and six patients FOLFIRINOX as re-induction. The number of applied cycles was less in the re-induction therapy compared to the induction period. Additionally, more delay of cycles occurred during re-induction (34% vs. 16%). The PFS2, representing the time until progression during re-induction, was 14.1 months (95% CI; 8.2-19.9 months). The overall survival (OS) starting at the beginning of palliative chemotherapy was 18.3 months (95% CI; 14.8-21.8 months) (Fig. 1) . The OS was significantly higher in the 5FU/LV maintenance group with 18.3 months (95% CI; 14.8-21.8) compared to the control group with 8.7 months (95% CI; 6.5-11). Adverse effects. Side effects that altered the management of treatment were documented in 48 cases of the total 243 applied chemotherapy cycles ( Table 7) . Most of the events were due to leukopenia of less than 3.0 × 10 3 /μ L. Neuropathy was the second most recorded event and was a main reason for reducing the dosage of oxaliplatin. The extend of the neuropathy was estimated using the documentation of every visit. It was often paresthesia (CTCAE v4.03 grade I) or limited instrumental activities of daily living (ADL) (CTCAE grade II), although only grade II toxicity altered the management of treatment. Neuropathy that limited self-care ADL (CTCAE grade III) was never described by any patient. This reflects that 81% of re-induction chemotherapy cycles were applied at a full dose. The oxaliplatin dose was never reduced below 75%. Three hospitalizations that led to a delay in the application of the next chemotherapy cycle occurred. One was due to cholangitis. Two were due to pleural effusion. 
Discussion
The survival of patients with PDAC is gradually increasing most likely due to the combination of new chemotherapeutic agents 1, 8 . As we have previously shown, the usage of FOLFIRINOX plays an important role in our center since its introduction in 2011. Since then we observed a marked increase in survival of our patients with PDAC receiving palliative chemotherapy 2 . As a result of the prolonged survival new strategies that address the toxicities associated with FOLFIRINOX are needed. Such strategies are well established in the therapy of colon cancer and are based on induction, maintenance and re-induction therapy 3 . In this retrospective study we present our first experiences with such strategies in PDAC treatment, using only substances included in FOLFIRINOX.
We are able to demonstrate the feasibility of this regimen in the palliative treatment of PDAC patients that resulted in a remarkable progression free survival of 10.6 months until first progression. The patients treated with FOLFIRINOX in the PRODIGE/ACCORD 11 trial published by Conroy et al. showed a median PFS of 6.4 months (95% CI, 5.5-7.2) 1 . This difference was achieved although the patients treated in our study received fewer cycles of induction therapy (median number of cycles 6 (range 5-13) vs. 10 (range 1-47)). Due to the only moderately toxic maintenance therapy, a prolonged period of time on chemotherapy with a mean of 6 cycles (range 2-21) could be achieved until first progression. Adding up the number of induction and maintenance therapy cycles results in a median number of 15 cycles (range 8-25). Furthermore, using treatment pause after obtaining a stabilization of the disease during maintenance seems not to have negatively influenced the prognosis of the patients regarding progression free survival. Four patients received a treatment pause during maintenance therapy with successful re-induction in all cases. The PFS1 of patients receiving treatment pause was 10.6 months compared to 7.6 months of patients without pause (p = 0.6). In total 85% of the patients were able to receive re-induction chemotherapy. Using re-induction chemotherapy allowed for an increase in progression free survival to PFS2 of 14.1 months. Additionally, the OS was remarkably long for PDAC patients receiving palliative chemotherapy with 18.3 months. Comparing these results to the control group revealed a significant difference regarding PFS1 and OS with a benefit favoring the new scheme of median 5.7 months and 9.6 months respectively. An explanation for the improved clinical outcome of the 5FU/LV maintenance group might be that patients who had progressive disease during induction, or did not tolerate the induction chemotherapy, could not receive maintenance therapy.
Another advantage of the presented chemotherapy application strategy is that the therapy consisted only of substances included in FOLFIRINOX. Thus other second line substances have not been used in these patients. Eight out of 13 patients (62%) received a second line therapy. Five patients received a gemcitabine based chemotherapy, two 5FU/LV and one radio chemotherapy. Thus the rate of second line therapy is higher than the rate in the MPACT or PRODIGE/ACCORD 11 trials of 42 to 47% 1, 8 . Chemotherapy was well tolerated with leukopenia grade II (white blood cell count 2.0 to 3.0 × 10 3 /μ L) being the main adverse event that lead mostly to treatment delay. The rate of side effects seen in this study is comparable to data reported by other institutions [9] [10] [11] . A reduction mainly of hematologic side effects might have been achieved by exclusion of the 5FU bolus 12 . A thorough search of the literature revealed just a recently published retrospective single center analysis of Reure and colleagues 13 . The authors describe a similar protocol consisting of induction chemotherapy using FOLFIRINOX. Capecitabine as a 5FU prodrug was chosen as maintenance therapy after induction and was applied until progression. The OS of 17 months was comparable to the survival described in this manuscript of 18.3 months. Capecitabine is advantageous for the patients due to its oral availability in comparison to infusional 5FU. In our clinical practice patients using capecitabine often complain about side effects which lead to dose reductions. One main side effect is the hand-foot syndrome, which was seen with CTCAE grade 3 or 4 in 16.6%. No hand-foot syndrome was described in our study population. In the study of Reure, the dose of capecitabine maintenance therapy was reduced due to side effects in 35%, compared to only 9% with infusional 5FU/LV described in our collective. Additionally, this might have resulted in the different PFS1, which was 5 months using FOLFIRINOX and capecitabine compared to 10.6 months in our study. The rate of re-induction chemotherapy using an oxaliplatin-containing regimen (FOLFIRINOX or FOLFOX) was also lower in the study of Reure and colleagues with approximately 50% compared to 85% in our patients. Nonetheless we believe that both concepts are effective and feasible, but prospective studies that asses the benefit of such strategies in PDAC patients are needed.
Some weak points of this study are due to its retrospective nature. Usually this de-escalation of therapy is discussed with every patient after the sixth cycle. Due to inclusion of the patient's wishes in the decision making process, some patients received more than 6 cycles of induction therapy. Only 4 out of 13 patients received more than 8 cycles induction therapy. Additionally, we used FOLFOX as a deescalated induction chemotherapy to improve FOLFIRINOX related side effects other that peripheral neuropathy. This regimen was shown to be effective in the second line therapy, but represents no first line therapy. In our experience the combination of 5FU/LV with oxaliplatin is very effective, like it was shown in previous studies for use as a second line therapy 14, 15 . The adverse events were not recorded prospectively, so there may be an underestimation of the amount of events that occurred. Examples are events that did not alter chemotherapy dosage or the time point of the next cycle. Additionally, compared to the total number of patients that received FOLFIRINOX during the study period, only 20% were treated with induction chemotherapy followed by maintenance therapy. Thus, this study population represents a highly selected group. This selection might have enriched patients with factors that positively influence survival or response to therapy. One example is the BRCAness gene signature which is currently under evaluation as a potential target for Olaparib (ClinicalTrials.gov Identifier: NCT02677038). This gene signature leads to a higher susceptibility of the tumor for platin-based chemotherapy 16 . Additionally quality of life (QoL) was not assessed due to the retrospective nature, but would be an important parameter in a prospective study. A better QoL without compromising efficacy would be very advantageous.
Nonetheless we hypothesize that the use of induction treatment with FOLFIRINOX, followed by maintenance therapy with the option of treatment pause and re-induction in case of progressive disease is feasible in the palliative treatment of PDAC patients.
To further investigate the benefits of this chemotherapy regimen prospective studies are needed.
Methods
We identified patients with a histologically confirmed PDAC that were treated at the department of Gastroenterology, Katharinenhospital, Stuttgart, Germany, with FOLFIRINOX from 2011 to February 2016. Inclusion criteria were induction therapy with FOLFIRINOX with optional subsequent de-escalated induction therapy consisting of 5FU/LV combined with oxaliplatin (FOLFOX), followed by maintenance therapy consisting of 5FU/LV. Response to therapy and toxicity of the treatment were assessed until November 2016. Patients who received FOLFIRINOX as a first line palliative treatment but did not receive 5FU/LV maintenance therapy were selected as a control group. A minimum of 8 weeks was defined as treatment pause. Re-induction was defined as chemotherapy after maintenance or treatment pause of at least 8 weeks. Re-induction chemotherapies included FOLFIRINOX and FOLFOX, depending on previous therapy and toxicity. A regular full dose of FOLFIRINOX was identical to the PRODIGE/ACCORD-11 trial 1 and consisted of oxaliplatin 85 mg/m 2 over 2 hours, irinotecan 180 mg/m 2 over 90 minutes, leucovorin 400 mg/m 2 over 2 hours, 5-FU 400 mg/m 2 bolus and 5FU 2400 mg/m 2 over 46 hours continuous infusion with adequate supportive care. Each cycle was scheduled to be repeated after 14 days. The FOLFOX regimen consisted of the same substances included in FOLFIRINOX except irinotecan 14 . 5FU/LV consisted of leucovorin 400 mg/m 2 over 2 hours, 5-FU 400 mg/m 2 bolus and 5FU 2400 mg/m 2 over 46 hours continuous infusion 17 . Progression free survival was assessed starting at the beginning of the induction therapy until progression during maintenance therapy or treatment pause (PFS1) and until progression during re-induction (PFS2) (Supplementary Figure 1) . PFS was assessed in the control group starting at the beginning of FOLFIRINOX until progression. Overall survival was assessed starting at the beginning of chemotherapy with FOLFIRINOX. Only those side effects of chemotherapy were assessed which altered the management of treatment. These events included discontinuation of the chemotherapy, delay of the next cycle of more than six days and dose reduction. Progression free survival was estimated with the Kaplan Meier method using IBM SPSS Statistics 23. The local ethical committee provided a waiver of the requirement for informed consent for this retrospective study and permitted the publication of anonymized data.
